Copper ferrite (Cu x Fe 3-x O 4 ) thin films synthesized on α-Al 2 O 3 (0001) substrates exhibited the spinel structure for Cu compositions up to x = 1.0. The substituent Cu ions exhibited charge valence of +2, occupying both the tetrahedral and the octahedral sites of the spinel lattice. Magnetic hysteresis measurements on the Cu x Fe 3-x O 4 films revealed gradual loss of saturation magnetization (M s ) with increasing x: M s is reduced to ~50 % that of Fe 3 O 4 for x = 1.0. The electrical resistivity (ρ) of the Cu x Fe 3-x O 4 films increased with x: ρ for x = 1.0 is larger by a factor of 30 than that of Fe 3 O 4 . The evolution of the magnetic and electrical properties of Cu x Fe 3-x O 4 can be explained in terms of the competition between the tetrahedral and octahedral Cu 2+ density for ferrimagnetic moment and polaronic conduction.
Introduction
Ferrimagnetic oxide compounds have been drawing a wide range of research interest for their remarkable magnetic and electronic properties for diverse potential applications including information storage, magnetic sensing, microwave absorption, and biomedicine [1] [2] [3] [4] . Recently, ferrimagnetic oxides with chemical and thermal stability were reported to be viable anodes for lithium rechargeable batteries [5, 6] .
In the spinel lattice of ferrimagnetic oxides, magnetic ions such as Fe 2+ and Fe 3+ are distributed over crystallographically distinct tetrahedral 8a (A) and octahedral 16d (B) sites surrounded by relatively larger O 2− ions at 32e sites. As the oldest ferrite known to mankind, magnetite (Fe 3 O 4 ) has the inverse-spinel structure in which the A sites are occupied by Fe 3+ ions, whereas the B sites are equally populated by Fe (B) pair is under a double-exchange interaction (J BB ) with parallel spins [7] . The ferrimagnetism becomes prominent when J AB is stronger than J BB . Inverse spinel Fe 3 O 4 is also known as a good electrical conductor with the conductivity increasing with increasing temperature [8] . There grains, deposition rate, and compositional variation. With flat surface, the film specimens are also efficient for investigating electrical properties of the Cu x Fe 3-x O 4 system. The role of Cu for the magnetic and electrical properties of the Fe-based ferrite was discussed on the basis of the observed experimental data.
Experimental
The Cu x Fe 3-x O 4 specimens were prepared as thin films by using a sol-gel method that is able to provide precursors homogeneous to molecular level. The precursor solution was prepared by dissolving Fe(NO 3 ) 3 ·9H 2 O and Cu(CH 3 CO 2 ) 2 ·H 2 O powders together in 2-methoxyethanol at room temperature. The substrate, α-Al 2 O 3 (0001), was spin-coated by the precursor solution at 3000 rpm for 20 s and then heated at 300 o C for 4 min. The same process was repeated for increasing the film thickness. All film specimens were obtained through post-annealing in evacuated (~10 −3 Torr) quartz tube at 800 o C for 4 h. The crystal structure of as-prepared specimens was characterized by XRD with Cu K α radiation (0.15406 nm) in the grazing-incidence manner with fixed X-ray incidence angle of 4 o . The surface chemical states about Cu of Cu x Fe 3-x O 4 films were investigated by XPS with Al K α radiation (1486.6 eV). The magnetic hysteresis curves of the Cu x Fe 3-x O 4 films were measured by using VSM at room temperature with magnetic field H (≤ 10 kOe) applied parallel to square-shaped film plane.
Results and Discussion
In Fig. 1 The Cu 2p-electron binding-energy (BE) spectra of the Cu x Fe 3-x O 4 specimens obtained by the XPS measurements are exhibited in Fig. 2 . The Cu 2p spectra consist of spinorbit-split 2p 3/2 and 2p 1/2 peaks and satellites which are known to be sensitive to the charge valence of Cu ions in spinel Cu x Fe 3-x O 4 . Both Cu 2p 3/2 and 2p 1/2 peaks consist (B) ions [11] . On the other hand, the lines β 1 and β 2 , corresponding to Cu 2p 3/2 (934.7 eV) and 2p 1/2 (954.6 eV), respectively, are ascribed to Cu 2+ (A) ions [11] . The broad satellite peak near 945 eV has been ascribed to Cu 2+ ions in copper oxides [15] .
The binding energy of a Cu 2p electron under a crystal field of eight (octahedral) O 2− ions is expected to be smaller than that under the field of four (tetrahedral) O
2−
ions. The ratio of line intensity [16] between α 1 and β 1 obtained by estimating their curve-fitted areas is 4:1 for the x = 1.0 specimen, implying that ~20 % of the Cu
2+
ions are located at the tetrahedral sites.
Magnetic hysteresis measurements were performed on the ferrite films at room temperature by using VSM as shown in Fig. 3 . The thickness of the magnetic films estimated by using scanning electron microscopy was in the 0.7~0. 8 [11] . The ratio between the observed and the theoretical M s for the CuFe 2 O 4 specimen is seen to be close to the corresponding value for the Fe 3 O 4 specimen.
In Fig. 4 , the variation of M s with x is displayed as open circles. Also, a dashed straight line is drawn between 415 (at x = 0) and 100 emu/cm 3 (at x = 1.0). In case that all Cu
) ions occupy the octahedral sites, the net spin magnetic moment for x = 1.0 (CuFe 2 O 4 ) would be 1 μ B per formula unit when the ferrimagnetic order prevails. So, the expected value of M s for CuFe 2 O 4 with octahedral Cu 2+ is ~25 % (~100 emu/cm 3 ) of that of Fe 3 O 4 . It is seen that the value of M s deviates significantly from the straight line for x > 0.4. The deviation can be understood in terms of the appearance of tetrahedral Cu 2+ ions for the Cu composition above x = 0.4. The net magnetic moment from the tetrahedral sites is expected to be reduced due to smaller magnetic moment of the Cu 2+ (1 μ B ) ion than that of Fe 3+ (5 μ B ) ion. Such reduction in the tetrahedral magnetic moment led to an increase in the net magnetic moment of the spinel Cu x Fe 3-x O 4 under the ferrimagnetic order.
The DC electrical resistivities of the ferrite specimens were measured using a van der Pauw method under an external magnetic field of 10 kOe at room temperature. As shown in ) sites [9] . The minimum distance between the octahedral cations is ~0.3 nm, estimated from the lattice parameter of Fe 3 O 4 (0.8385 nm). The electron hopping in the cationic sublattice has been theoretically formulated in terms of transport of small polaron, composed of an electron and surrounding acoustic phonons [17, 18] . Such polaronic conductivity is likely to be sensitive to the cation distribution in the crystal lattice. Thus, the increase in ρ with increasing x for Cu [19, 20] .
Conclusions
The spinel Cu x Fe 3-x O 4 (x ≤ 1.0) thin films have been successfully deposited on α-Al 2 O 3 (0001) substrates by using a sol-gel process. X-ray diffraction data indicated that Fe and Cu mix properly to solid-solution Cu 
